In this paper we present a comparison between YLiF 4 : Yb: Tm and YLiF 4 : Yb: Tm: Nd systems identifying the most important processes that lead to a 20 times enhancement of thulium blue upconversion emission, under excitation around 792 nm, for the double sensitized system. Analysis of the 483 nm and 1030 nm emissions for the samples with different concentrations of Nd 3+ ions showed that energy transfer between Nd 3+ and Yb 3+ is the main mechanism and responsible for the enhancement in upconversion.
I. INTRODUCTION
The development of compact blue lasers based on thulium ͑Tm 3+ ͒ upconversion processes is nowadays widely studied mainly due to the potential of high performance OEM applications, such as biomedical and analytical instrumentation, display systems, photoprinting.
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In upconversion processes the infrared excitation is converted into shorter wavelength into the ultraviolet ͑UV͒ and visible ranges. 3 In thulium doped media, the efficiency of this process is very low, but it was noticed that the mechanism could be made one or two orders of magnitude more efficient by using ytterbium ͑Yb 3+ ͒ 4 or neodymium ͑Nd 3+ ͒ 5 as sensitizer ions.
In this paper, we compare the thulium sensitization by Yb and Yb/ Nd in the YLiF 4 ͑YLF͒ host.
In YLF, the neodymium upper laser level presents a very long storage time, a natural birefringence, and a relatively weak thermal lensing. These characteristics make the YLF: Nd crystal a very important laser medium. 6 Recently, single doped YLF fibers were produced showing a very interesting new way to the develop compact low-loss and lowcost laser systems. 7 We present here the spectroscopic characterization of the new YLF: Yb: Tm: Nd crystal, under pumping at 792 nm. This pump, in the Nd absorption band, results in a blue upconversion emission that can be used to make a YLF fiber laser.
II. MATERIALS AND METHODS
In this work we used YLF crystals grown by the Czhochraski method in different compositions: YLF:1%Tm; 10%Yb;1%Tm; and 20% Yb 3+ , 0.5% Tm 3+ , x %Nd 3+ . Three samples were cut from this last crystal from the beginning ͑#2͒, half ͑#5͒, and end ͑#8͒ that have a little Nd concentration change due to segregation coefficient. The samples were cut and polished with 2 mm thickness.
For the absorption measurements a spectrometer Cary 17D-Olis was used. For emission measurements, the samples were excited by a SDL diode laser at 792 nm, and observed by a 0.5 m Spex monochromator, Stanford chopper, PAR-EG&G lockin, Hammamatsu s-20 PMT and Germanium detector. Figure 1 shows the absorption spectra of these two samples. Figure 2 shows the polarized spectra of the sample. When YLF samples containing Tm 3+ co-doped with Yb 3+ or Yb 3+ and Nd 3+ , are excited at 792 nm, a strong blue emission is observed. It is important to mention that the same excitation of YLF:1%Tm do not result in any detectable blue emissions.
III. RESULTS
The blue emission observed in these spectra can be understood referring to the energy levels diagram shown in ͑a'͒ Ground state absorption of Tm ͑ aTm ͒; ͑c͒ Energy transfer Tm-Yb:
͑d͒ Cross-relaxation Ybϫ Tm:
͑f͒ Back transfer Yb-Tm:
The same processes are complemented by the processes a, b, e, g, h, and i with the addition of Nd as co-dopant in YLF: Yb: Tm: Table I shows the energy transfers parameters obtained by overlap-integral between sensitizer emission cross sections and receptor absorption cross section bands. 8 The energy transfer processes f, c, and g are more important that the back transfer mechanism e since this last one involves absorption of phonons least probable that creation of phonons.
The energy transfer rate between Tm-Yb in the sample containing 10% Yb:1%Tm is 660 s −1 and in the sample containing 20% Yb:1%Tm is 1020 s −1 . 4 The energy transfer efficiencies are 47% and 57% in the samples containing 10% Yb and 20% Yb, respectively. It was observed that back transfer Tm-Yb is also an important mechanism, and that Tm-Yb energy transfer grows with Yb concentration.
We observe that a small Nd concentration variation in the YLF: Yb: Tm: Nd samples results in an enhancement of the Tm blue emission as it can be seen in Fig. 4 . The Nd concentration variation reflects too in an enhancement in the Yb emission band in the infrared as can be seen in Fig. 5 . This indicates that the process b has high efficiency.
The blue emission comes from the Tm 3+1 G 4 levels and increases with the pumping intensity with a slope of 1.6 in 
IV. CONCLUSIONS
Comparing the two different YLF compositions Yb/ Tm and Yb/ Tm/ Nd we can conclude that:
͑1͒ Both composition are efficient and generate blue emission by a two photon process mechanism arising from the 792 nm excitation; ͑2͒ The YLF: Yb: Tm: Nd sample has a higher absorption coefficient at 792 nm than the YLF: Yb: Tm sample, and consequently a higher absorption cross section; ͑3͒ Since Tm ions are directly pumped by 792 nm wavelength, the ground state can be depleted, and therefore, the transition 1 G 4 → 3 H 6 , at ϳ483 nm can be used for generating stimulated emission using ground state depletion or pump-resonant excitation methods; ͑4͒ The cross-relaxation Ndϫ Tm leads to a growth in the 1 G 4 population; ͑5͒ A very important energy transfer mechanism between Nd and Yb ions was notice considering that no Nd emission is observed in infrared region, this fact also impeaches the Tm 3 F 4 population decreases due to Tm-Nd interaction.
The enhancement in blue emission is proportional to the enhancement in Nd absorption.
In conclusion, an enhancement in ϳ483 nm Tm 3+ emission of almost 20 times was observed in the samples YLF: Yb: Tm: Nd compared to the YLF: Yb: Tm sample. This system could be interesting for development of compact laser systems using doped YLF fibers with about 5 mm in length and 300 m in diameter, under a diode laser pump. 
